The identification of fecal pollution sources is commonly carried out using DNA-based methods. However, there is evidence that DNA can be associated with dead cells or present as "naked DNA" in the environment. Furthermore, it has been shown that rRNA-targeted reverse transcription-quantitative PCR (RT-qPCR) assays can be more sensitive than rRNA gene-based qPCR assays since metabolically active cells usually contain higher numbers of ribosomes than quiescent cells. To this end, we compared the detection frequency of host-specific markers and fecal bacteria using RNA-based RT-qPCR and DNA-based qPCR methods for water samples collected in sites impacted by combined sewer overflows. As a group, fecal bacteria were more frequently detected in most sites using RNA-based methods. Specifically, 8, 87, and 85% of the samples positive for general enterococci, Enterococcus faecalis, and Enterococcus faecium markers, respectively, were detected using RT-qPCR, but not with the qPCR assay counterpart. On average, two human-specific Bacteroidales markers were not detected when using DNA in 12% of the samples, while they were positive for all samples when using RNA (cDNA) as the template. Moreover, signal intensity was up to three orders of magnitude higher in RT-qPCR assays than in qPCR assays. The human-specific Bacteroidales markers exhibited moderate correlation with conventional fecal indicators using RT-qPCR results, suggesting the persistence of nonhuman sources of fecal pollution or the presence of false-positive signals. In general, the results from this study suggest that RNA-based assays can increase the detection sensitivity of fecal bacteria in urban watersheds impacted with human fecal sources.
S
ewage overflows and stormwater runoff introduce high levels of fecal bacteria into surface waters and are considered the primary cause of water quality impairments in urban watersheds, particularly those affected by combined sewer overflows (CSOs) (1, 2) . Sewage contamination of surface waters poses a serious risk to human and environmental health via waterborne disease outbreaks (3) (4) (5) , deterioration of recreational and drinking water quality (6, 7) , and degradation of aquatic ecology (8, 9) . Hence, identifying the primary source(s) of fecal contamination is imperative to enable best management practices for mitigating pollution and public health risks.
Microbial source tracking (MST) methods targeting fecal bacteria have recently been used to identify the sources of fecal contamination impacting water systems (10, 11) . Many of these MST methods are based on quantitative PCR (qPCR) assays targeting the bacterial rRNA genes present within water DNA extracts (12, 13) . However, the value of DNA-based monitoring in microbial ecology studies is limited by the possibility of DNA being associated with dead cells or the extent to which "naked DNA" may survive in the environment once bacteria are lysed (14) (15) (16) . These facts pose a significant challenge to the environmental fate and transport of fecal bacteria which are often assessed via quantification of targets in spatial and temporal studies. Consequently, source tracking data based on amplification of genetic markers by DNA-targeted qPCR methods may not distinguish between recent and past contamination events since DNA of some bacteria can persist after cell death for a prolonged period of time (16) . The use of intercalating DNA-binding chemicals, such as propidium monoazide, have been previously suggested to discriminate between viable and dead cells via inhibition of PCR amplification of DNA derived from dead cells (15) . Interferences due to particulate matter present in environmental samples limit the use of these chemicals for MST assays. To circumvent the aforementioned limitations, rRNA has been proposed as an alternate target in the detection of fecal bacteria, primarily because of its poor stability outside the cell (17) and its correlation with cell activity (18) . However, one disadvantage of RNA based detection is that it may be difficult to equate rRNA copy numbers to actual cell densities due to the strong correlation of rRNA expression with physiological state of the cell. RNA-based reverse transcription-qPCR (RTqPCR) assays have been utilized in a number of microbiological studies, such as the detection of bacterial contamination in blood (19) , subdominant bacteria in human intestines (20) , and assessment of nitrification in wastewater treatment (21) .
To unambiguously identify fecal pollution associated with recent contamination events (22, 23) , it is necessary to distinguish active microbial cells from dead cells. Fecal bacterial groups such as Bacteroidales are obligate anaerobes presumed to survive only for short periods of time after released into water (24, 25) . Hence, it would be preferable to detect host-specific markers associated with metabolically active Bacteroidales populations. We theorize that in order to better assess the impact of fecal pollution it is important to target active cells via rRNA-based detection of gene markers in fecal source tracking studies. Since metabolically active cells usually contain higher numbers of ribosomes than quiescent cells (26) , it is not a surprise that recent studies have shown that rRNA-targeted RT-qPCR assays can be more sensitive than rRNA gene-based qPCR assays (27, 28) . In addition, the rRNA/rRNA gene ratio from each target bacterium is an important indicator of its metabolic status within bacterial communities and has been used to provide an estimate of in situ bacterial growth rates (29, 30) . Thus, it is reasonable to propose that rRNA transcripts should better reflect the diversity of the predominantly metabolically active members of the microbial community.
Investigations examining the simultaneous occurrence and prevalence of both rRNA and rRNA gene targets of fecal indicators in surface waters are limited. To our knowledge, there has been minimal data on the evaluation of rRNA-targeted qPCR assays (i.e., rRNA RT-qPCR) for the detection and quantification of fecal bacteria in water samples affected by CSOs. In this study, we applied RT-qPCR and qPCR assays targeting human-specific Bacteroidales markers (HF183 and BacHum), Escherichia coli, Enterococcus spp., Enterococcus faecalis, and Enterococcus faecium to identify and quantify fecal contamination in water. The templates used in this study were RNA and DNA extracted from surface water samples collected from Duck Creek Watershed (Cincinnati, OH), since CSOs and sanitary sewer overflows (SSOs) are assumed to be the primary sources of fecal bacteria in the watershed during wet weather events (31, 32) .
The objectives of this study were to compare the detection frequency of the different rRNA gene-targeting assays using both RNA and DNA as the templates and to evaluate the distribution of targeted fecal bacteria, including source-specific markers, across an urban watershed impacted by sewage pollution. In addition, we studied the correlation between human-specific Bacteroidales markers and conventional fecal indicators using rRNA based RTqPCR to better evaluate the efficacy of using these markers for the detection of human fecal pollution. (32) . The Duck Creek, Little Duck Creek, and Deerfield Creek are the primary tributaries in this watershed, with their confluence located within the combined sewer service area in the city of Cincinnati. These three streams discharge into Little Miami River which eventually drains into the Ohio River. CSOs and SSOs are considered the primary sources of human fecal pollution in the watershed (31) , and the sampling sites were chosen based on CSO locations and watershed runoff. All sites have been previously monitored for the presence of human fecal pollution through human-specific molecular markers (33) .
MATERIALS AND METHODS
Water samples were collected using sterilized 1-liter bottles (Nalgene, Rochester, NY) and transported on ice to the laboratory at the University of Cincinnati (Clifton, OH) within 2 h of collection. The water samples (200 to 1,000 ml) were filtered onto 0.45-m-pore-size, 47-mm-diameter mixed cellulose ester membranes (Millipore, Billerica, MA) at the University of Cincinnati and frozen immediately at Ϫ80°C. Extraction controls with autoclaved distilled water were used during filtration to monitor for potential extraneous DNA contamination. The membranes were transported on ice coolers prior to the laboratory in the U.S. Environmental Protection Agency (Cincinnati, OH), where the nucleic acid extractions were conducted.
RNA and DNA extraction. RNA and DNA were extracted from the membranes as described elsewhere (27) . Briefly, frozen membranes were subjected to bead-beating using DNase and RNase free glass beads (Mo Bio Laboratories, Inc., Carlsbad, CA) in the presence of lysis buffer (Buffer RLT Plus; Qiagen GmbH, Hilden, Germany) containing ␤-mercaptoethanol (Sigma-Aldrich Co., St. Louis, MO). The cell lysate was centrifuged, and the supernatant was used for simultaneous extraction of RNA and DNA with the AllPrep DNA/RNA minikit, following the manufacturer's instructions (Qiagen GmbH). RNA was further purified using an Ambion Turbo DNA-free DNase kit prior to the reverse transcription step, following the manufacturer's instructions (Life Technologies, Grand Island, NY). The concentration and purity of RNA and DNA was determined by using Qubit RNA and dsDNA HS assay kits and a Qubit 2.0 Fluorometer (Life Technologies). cDNA was synthesized on the extraction day from the purified RNA extracts using random hexamer primed Superscript III system for RT-PCR as described previously (27) . Both cDNA and DNA were stored at Ϫ20°C for subsequent analyses.
qPCR analyses. The occurrence and relative abundance of six different fecal bacterial markers in environmental water samples was measured using TaqMan qPCR assays (Table 2 ) and cDNA and DNA extracts as the templates. The targeted fecal bacterial groups were E. coli (EC23S857 assay) (34) , Enterococcus spp. (Entero1 assay) (35) , Ent. faecalis (Faecalis (37) , and human-specific Bacteroidales (HF183 and BacHum assays) (38, 39) . The qPCR assays were performed as previously described by Ryu et al. (37) . Standard curves were generated by using plasmids containing the sequences for each of the targeted genes. Controls containing no template were used to check for cross contamination. In addition, PCR inhibition was tested in cDNA and DNA extracts by using undiluted and 10-fold dilutions of each extract as qPCR template. The absence of PCR inhibition in samples was also confirmed by amplifying with general bacterial 16S rRNA gene primers (BacT assay) (40) . No-reverse-transcription controls (undiluted and 10-fold diluted RNA samples) were used to confirm the absence of DNA in RNA extracts.
Data analysis. The range of quantification and the limit of detection for all of the qPCR assays were established in a previous study (27) . The marker copy number per 100 ml of water was calculated for all samples subjected to qPCR with a cycle threshold (C T ) value above background, and all data were log 10 transformed before statistical analysis. Cross-tabulation by means of Venn diagrams was used to detect the difference in the detection frequency of RT-qPCR and qPCR assays for E. coli, Enterococcus spp., and human-specific Bacteroidales. Differences in marker concentrations were analyzed a using nonparametric Kruskal-Wallis one-way analysis of variance. The correlation between human-specific Bacteroidales and conventional fecal indicators using RT-qPCR results was analyzed using the logistic regression analysis. Pearson correlation coefficients were also determined for the data sets. All analyses were performed using Microsoft Excel (2011), and correlation strength was interpreted according to an accepted scale for biological statistics (41) . All statistical test outcomes were regarded as significant at a P of Ͻ0.05.
RESULTS
Performance of qPCR assays. Standard curves were generated using serial dilutions of known copy numbers to determine the amplification efficiencies and linear range of the qPCR assays. The qPCR amplification efficiencies for all of the assays ranged from 80.1 to 96.0%, with r 2 values between 0.937 and 0.998. The linear range of quantification for the qPCR assay of human-specific Bacteroidales (HF183 and BacHum) and E. coli markers were between 10 and 10 5 copies, while the linear range for qPCR assay of Entero1 was 50 to 5 ϫ 10 5 copies, and those for Faecalis and Faecium1 were between 10 2 and 10 5 copies. PCR inhibition tests were performed with 10-fold dilutions of each DNA extract as described in Pitkänen et al. (27) . In these tests, a C T value proportional to a 10-fold dilution relative to the undiluted DNA templates resulted, suggesting that PCR inhibition did not interfere with the amplification efficiency. No-template controls indicated the absence of contamination in the qPCR experiments.
Detection of markers with RNA and DNA extracts. When the results from the RNA-and DNA-based assays were combined, all of the markers were detected in Ͼ90% of water samples (n ϭ 66) using both extracts. However, many of the water samples tested here were positive for some of the markers only when RNA was used as the template (Fig. 1) . Specifically, 8% (5 out of 66), 87% (45 out of 52), and 85% (46 out of 54) of the samples positive for Entero1, Faecalis, and Faecium1 markers, respectively, were detected using RT-qPCR, but not with the qPCR assay counterpart. For human-specific Bacte- roidales, all samples were positive for both markers using RNA as the template, while only 86 and 91% samples were positive for HF183 and BacHum, respectively, using DNA as the template. In contrast, the EC23S857 marker was detected in all water samples using both RNA and DNA as the templates, except in one sample where it was only detected using DNA. Distribution of host-specific and fecal bacteria marker levels. The concentration of human-specific Bacteroidales and fecal bacterial markers were measured for the water samples using both RT-qPCR and qPCR assays. Overall, there was a good correlation (r ϭ 0.85) between RNA-and DNA-based qPCR results for all of the markers used in the present study. More interestingly, the mean marker abundance using RNA was significantly higher (P Ͻ 0.01) for all of the markers ( Table 3) .
The spatial distribution of the levels of markers across the study sites is represented in Fig. 2 . The two human-specific Bacteroidales markers, HF183 and BacHum, exhibited a similar spatial distribution pattern across the sampling sites, although the level of BacHum marker was 1 order of magnitude higher for all of the samples. Both of the markers tested positive at all of the sites using RNA and DNA as the templates, with the exception of sites 6 and 11, where HF183 was not detected in most of the samples when DNA was used as the template. The levels of the human-specific Bacteroidales markers were statistically different (P Ͻ 0.001, Kruskal-Wallis one-way analysis of variance) from each other among the study sites using both RT-qPCR and qPCR assays. Site 9 had the highest mean copy number for the human-specific Bacteroidales markers, while site 6 had the lowest copy numbers, for both RNA and DNA based qPCR results.
Enterococci were present in all samples using the Entero1 assay with RNA as the template with mean marker abundance Ͼ10 4 copies per 100 ml of water, while they were less frequently detected when using the DNA-based qPCR assay. Using the RT-qPCR assay, Entero1 marker was positive in 5 of 66 water samples that were determined to be negative using qPCR assay. The detection frequencies and concentrations of both Faecalis and Faecium1 markers via RT-qPCR assay were greater than the qPCR assay (P Ͻ 0.01) ( Table 3 ). Sites 4, 5, and 6 tested negative for both Faecalis and Faecium1 when using DNA as the template, while they were positive when using RNA as the template. E. coli was tested positive in most of the samples using the EC23S857 assay either by RT-qPCR (97%) or qPCR assay (98%). There were no significant differences in E. coli numbers among the study sites using both RNA and DNA as the templates.
rRNA/rRNA gene ratio used to estimate the activity status of cells. The copy number of rRNA and the rRNA gene for the different bacterial markers allowed us to estimate the ratio between rRNA and the rRNA gene. The difference was quantified by using RT-qPCR and qPCR to obtain the rRNA/rRNA gene ratio for different bacterial cells present in the water samples.
The relationship between rRNA and rRNA gene copies for each marker was examined (Fig. 3) . There was a positive correlation between individual rRNA and rRNA gene concentrations (0.2 Ͻ r 2 Ͻ 0.8, n ϭ 396), suggesting that the activity of a bacterial species (rRNA transcripts) frequently followed its relative abundance in the community (rRNA gene frequency). The samples showing rRNA/rRNA gene ratios of Ͼ1 were presumed to contain on average more active populations than those samples with ratios of Ͻ1 (i.e., they have relatively high number of ribosomes per bacterial cell). Most samples tested with the species-or source-specific markers had higher rRNA Correlation between human-specific Bacteroidales and fecal indicator bacteria. The numbers of rRNA transcripts were used to study the correlation between human-specific Bacteroidales and conventional fecal indicators (enterococci and E. coli). The human-specific Bacteroidales markers showed moderate correlation with enterococci and E. coli RT-qPCR results, which are the most frequently used water quality indicators (Table 4 ). There were low to moderate correlations between human-specific Bacteroidales and fecal enterococci markers (Entero1, E. faecalis, and E. faecium) in the present study (Fig. 4) . There was a weak correlation between the HF183 and Faecalis markers in the samples (correlation coefficient, r 2 ϭ 0.14, P Ͻ 0.001), although Faecium1 exhibited slightly moderate correlation with the HF183 marker (r 2 ϭ 0.32, P Ͻ 0.001). HumBac also showed similar correlation as HF183 with both Faecalis (r 2 ϭ 0.14, P Ͻ 0.001) and Faecium1 (r 2 ϭ 0.30, P Ͻ 0.001). Only few samples generated quantifiable qPCR results using Faecalis and Faecium1 assays, and therefore it was not possible to determine a relationship between these variables when using DNA as the template.
DISCUSSION
We demonstrated that the use of rRNA-based RT-qPCR assays increased the detection frequency of some fecal bacteria and hostspecific markers in surface water samples from the Duck Creek Watershed, which is mainly impacted by CSOs and SSOs. The increased sensitivity with the rRNA based approach can be attributed to the high numbers of rRNA molecules present within the bacterial cells. Since the abundance of rRNA molecules is the product of cell growth and its physiological state (18, 30) , the rRNA-based approach should also provide information on the general metabolic status of the targeted bacterial populations. From a public health standpoint, this information may be important for a better understanding of the potential risks associated with the presence of fecal bacteria in water, assuming that the presence of active waterborne pathogens is likely to correlate better with the presence of active fecal bacterial indicators than with dead cells (which may be detected via extracellular DNA).
Since DNA can persist in metabolically inactive cells or in dead cells, and in the environment as extracellular or "naked" DNA (16) , it has been suggested that this DNA fraction often contributes to the signal in qPCR-based MST methods (15) . The frequency and significant contribution of "naked" DNA and DNA from dead cells is not determined in most environmental studies. However, it has been reported that the presence of nonreplicating DNA in marine water samples may range between 75 to 90% of total extractable DNA, some of which could be considered detrital in nature (i.e., associated with dead cells or absorbed to particulate matter) (42) . More recently, Collins and Deming (43) reported that the amount of extracellular DNA exceeded the concentration of DNA within bacteria present in seawater. Although the amount of nonreplicating DNA in freshwater systems has been studied in less detail, dissolved DNA has been detected in river water samples (44) . In addition, the occurrence of small bacteria (i.e., Ͻ1.0 m) in river samples, some of which may be associated with nonactive bacteria, has been reported to be ca. 40% of the total bacterial community (45) . These studies suggest that a significant fraction of bacterial signals detected via PCR and qPCR methods may be the result of organisms that are ecologically irrelevant to ecosystem function, although the role of this DNA pool in genetic exchange (i.e., via natural transformation) may be significant in some cases. The public health relevance, however, could be significant via the introduction of artifacts (false positives) that may not correlate with the levels of recent contamination events, the identification of predominant pollution sources and the fate and transport of fecal bacterial groups. In contrast, rRNA is actively degraded by cellular mechanisms under certain stress conditions (e.g., starvation) and deteriorates in the environment much faster than DNA (17) . However, due to the dependence of rRNA levels on the physiological state of the cells, it is difficult to correlate rRNA numbers with actual bacterial cell densities. Therefore, the applicability of DNA-based methods to measure cell numbers is still relevant. From a regulatory perspective, we need additional studies to further evaluate the use of rRNA based methods for setting regulatory thresholds and developing risk assessment models.
The application of rRNA-based assays to detect active bacteria has proven useful in several studies (18) (19) (20) (21) . In a previous study, we demonstrated that the detection frequency of rRNA-based assays were in better agreement with the culture based detection of E. coli and enterococci in surface waters than that of rRNA genebased assays, suggesting that rRNA signals were associated to active bacterial populations (27) . Here, we applied rRNA based RTqPCR assays for the identification and quantification of fecal bacteria and human-specific markers in an urban watershed impacted by fecal contamination. The greater sensitivity of rRNAbased assays over the rRNA gene-based detection obtained in our results is also consistent with previous studies targeting RNA and DNA based on molecular markers for enumeration of bacteria in drinking water (46, 47) , in coastal and environmental waters (30, 48) , including waters impacted with fecal pollution (27) , and in soil and sediments (26, 49, 50) . The signals of human-specific Bacteroidales, E. coli, and Enterococcus spp. obtained by RT-qPCR analyses were compared to those determined using the conventional qPCR method (i.e., DNA-based signals), which is commonly utilized for determining the abundance of fecal bacteria in environmental waters. The RT-qPCR results provided higher quantitative values of fecal bacteria (up to three orders of magnitude; see Fig. 2 ) than the qPCR results obtained from the same sample. This is presumed to be based on the difference in metabolic activity of bacterial cells and their relative concentrations in the environment. These results demonstrate that targeting rRNA via RT-qPCR may provide up to 1,000-fold greater sensitivity over corresponding rRNA gene targets. Indeed, the higher sensitivity of RT-qPCR technique compared to qPCR have been reported for quantification of bacteria in natural and engineered systems such as human gut (28), marine sediments and grasslands (50, 51) , environmental waters (27) , and activated sludge processes (21, 52) . Thus, in our study, the increased detection of fecal bacteria markers via rRNA-based signals suggests that RT-qPCR assays may be better suited for tracking and quantifying active fecal bacteria in environmental waters when the targeted groups are present at relatively low levels. Human sewage contamination of surface waters is a serious concern for populations living in urban settings and for aquatic ecosystems in general. However, there are limited studies related to the identification of primary sources of fecal pollution in waterways using RNA as the target molecule. Fecal bacteria may be introduced into surface waters through numerous sources such as municipal waste from household sewage treatment systems, CSOs, SSOs, leaky septic tanks, and stormwater and urban runoff (2, 6, 7) . In the present study, we quantified the extent of human fecal contamination in an urban watershed by an integrated analysis of host-specific markers and fecal bacteria. The assessment of study sites for human Bacteroides demonstrates that sewage sources of fecal pollution are major contributors to water quality deterioration within our study area. Because the Duck Creek Watershed does not encompass agriculture or farming runoff, and the creeks are too small for recreational use, the primary source of human-specific Bacteroidales can be attributed to the waste influx from nearby CSOs. Since tributaries in the Duck Creek Watershed flow into the Ohio River, these sources appear to represent a chronic and relatively constant source of human contamination. This has been suggested in a previous study (33) ; altogether, these data supports the use of Bacteroidales markers as effective indicators of human fecal contamination.
The microbial source tracking study undertaken in the Duck Creek Watershed substantiates that human fecal pollution is prevalent and is highly reflective of the architecture of the surrounding environment. On the other hand, based on the RT-qPCR data the low to moderate correlation between Bacteroidales and the fecal indicator assays highlights the ambiguity of enterococci and E. coli as robust fecal pollution surrogates (53, 54) (Table 4 ). For example, relatively high levels of E. coli were found in the samples with low to moderate levels of human-specific Bacteroidales markers. This may be due to variable persistence of different markers after release from their hosts (53) (54) (55) . In addition, other sources of E. coli, besides human inputs, may be present in the watershed, which is consistent with other reports identifying nonhuman sources such as domesticated animals (56) . These findings also illustrate the extent in which E. coli and enterococcus levels may be uncoupled to evidence of human sewage contamination in the urban environment. Furthermore, the moderate correlation of E. faecalis and E. faecium markers with the general enterococci (Entero1) suggests that other enterococci species may predominate in these waters. Since E. faecalis and E. faecium are considered the most abundant enterococcus species in human feces, these data highlight the need for further understanding the ecology of enterococci in natural settings.
Overall, we suggest that the results presented here should assist with future risk assessments for urban watersheds, particularly those affected by CSOs. However, future epidemiological studies must be conducted to determine whether RNA-based detection increases the correlation between the detection and activity levels of fecal indicators and illness associated with exposure to waterborne pathogens. Moreover, since MST methods may improve risk assessments of different pollution sources (57) , it remains to be seen whether host-specific signals based on metabolically active cells add value to predictive risk models. In spite of these research gaps, our data suggest that RNA-based assays may be used in several applications, including in studies measuring the environmental fate and transport of fecal bacteria.
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